Polyphyllin Vii is an active compound isolated from Paris polyphylla, which is termed chonglou in china. The present study was designed to investigate the underlying mechanisms of the antitumor effect of Polyphyllin Vii in lung cancer cells. The cytotoxic effect of Polyphyllin Vii in human lung cancer a549 cells was analyzed; the results revealed an ic 50 value of 0.41±0.10 µM at 24 h. The associated mechanisms were investigated by phase-contrast microscopy, fluorescence microscopy, flow cytometry and western blot analysis. Exposure of a549 cells to Polyphyllin Vii resulted in apoptosis. Pyrrolidine dithiocarbamate (PdTc), an inhibitor of nF-κB, and wortmannin, an inhibitor of Pi3K, both decreased the proportion of viable a549 cells in the presence of Polyphyllin Vii. The ratio of apoptotic cells increased in the presence of wortmannin and PdTc. Western blot analysis revealed that Pi3K, phosphorylated (p)-Pi3K, akt, p-akt, nF-κB and p-nF-κB were downregulated following treatment with Polyphyllin Vii. increased caspase-3 activity, increased poly-(adP-ribose) polymerase cleavage and a downregulation of inhibitor of caspase-activated dnase were observed following treatment with Polyphyllin Vii, and these effects were enhanced by either wortmannin or PdTc. The present results revealed that Polyphyllin Vii was able to induce apoptotic cell death in a549 human lung cancer cells via inhibition of the Pi3K/akt and nF-κB pathways.
Introduction
lung cancer is the biggest cause of cancer-associated mortality in men and is the second biggest cause of cancer-associated mortality in women worldwide (1) . in the uSa, there were ~121,680 new cases of lung cancer in men and ~112,350 in women in 2018 (2) . There are two main histological types of lung cancer: non-small cell lung cancer (nSclc) and small cell lung cancer (Sclc). overall, 85-90% of all lung cancer cases are nSclc (3) . The 5-year survival rate of nSclc is 55% at an initial stage; however, this reduces to <4% with distant metastasis (2) . Therefore, it is necessary to characterize the mechanisms involved in nSclc progression.
nF-κB is a pro-inflammatory transcription factor, which binds with the inhibitory molecule nuclear factor of κ light polypeptide gene enhancer in B cells inhibitor (iκB) a in the majority of cells. nF-κB can be activated by stimulating factors, including carcinogens and inflammatory proteins, which results in iκBa phosphorylation and degradation, leading to the release and nuclear translocation of nF-κB dimers (4) . Subsequently, the activated nF-κB promotes tumor cell division, proliferation, angiogenesis and metastasis, and also prevents tumor cell apoptosis, which leads to the development of carcinomas (5) . Therefore, activated nF-κB should suppressed in cancer treatment. The Pi3K/akt pathway serves a key role in carcinogenesis and has been identified as constitutively activated in different types of human cancer (6) . The Pi3K/akt cell survival pathway also plays a key role in the regulation of apoptotic cell death via nF-κB.
natural products with potential anticancer effects are an important source for the identification of novel therapeutic drugs (7) . as a traditional chinese medicine with heat-clearing and detoxicating functions (8, 9) , Paris polyphylla (chonglou in chinese) is a medicinal herb listed in the pharmacopoeia in China (10), which has been used for the treatment of inflammation and cancer, particularly lung cancer. Polyphyllin Vii is an active steroid saponin isolated from P. polyphylla (11) .
The present study was designed to investigate the cell growth inhibitory effects of Polyphyllin Vii on a549 cells and the mechanisms of Polyphyllin Vii-induced apoptotic cell death. The mechanisms involved were investigated by phase-contrast microscopy, fluorescence microscopy, flow cytometry and western blot analysis. Cell culture. Human lung cancer a549 cells were provided by Stem cell Bank, chinese academy of Sciences (batch no. ScSP-503). cells were cultured in rPMi-1640 medium supplemented with 10% FBS, 100 u/ml penicillin and 100 µg/ml streptomycin in a humidified atmosphere with 5% co 2 at 37˚C. Cells in the exponential phase of growth were used in the experiments.
Materials and methods
Cell viability assay. A549 cells were seeded in 96-well flat bottom cell culture clusters (corning, inc.) with 100 µl per well at a density of 6 x10 4 cells/ml. Following culture for 24 h, the cells were treated with increasing concentrations (0, 0.1, 0.2, 0.4, 0.8 and 1.6 µM) of Polyphyllin VII for 24 h at 37˚C. alternatively, the cells were treated with 0.41 µM Polyphyllin Vii in the presence or absence of 2 µM wortmannin and 30 µM PDTC for 24 h at 37˚C. Subsequently, the cells were washed twice with ice-cold PBS and incubated with 5 mg/ml MTT solution at 37˚C for 4 h. The medium was then removed and 150 µl dMSo was added to dissolve the resulting crystals. The optical density was measured using a microplate reader at 492 nm (Multiskan GO; Thermo Fisher Scientific, Inc.). The percentage of cell viability was calculated as follows:
cell viability (%)=(a 492sample -a 492blank )/(a 492control -a 492blank ) x100.
Observation of morphological changes and fluorescence microscopy of apoptosis with AO and Hoechst 33258 staining. a549 cells were seeded into 24-well culture plates (corning, inc.) at a density of 2x10 4 cells/well with or without Polyphyllin VII (0.41 µM) for 24 h at 37˚C. The cellular morphology changes were observed using a phase-contrast microscope (olympus corporation). Following treatment with Polyphyllin Vii, the cells were stained with 20 µg/ml ao and incubated in the dark for 15 min at room temperature. For Hoechst 33258 staining, the medium was removed following treatment with Polyphyllin Vii for 24 h, the cells were fixed with 0.5 ml 70% ethanol at 4˚C for 30 min, then washed twice with PBS and incubated with 0.5 ml 10 µg/ml Hoechst 33258 solution for 5 min at room temperature. All changes in fluorescence were observed using an Olympus IX73 inverted fluorescence microscope (olympus corporation).
Nuclear protein extracts preparation. a549 cells were treated with 0.41 µM Polyphyllin Vii under the indicated conditions, then they were harvested and suspended in cold PBS. Following centrifugation at 1,000 x g for 15 min at 4˚C, the cells were resuspended in lysis buffer a (20 mM HePeS, 10 mM Kcl, 1.5 mM Mgcl 2 , 1 mM edTa, 1 mM eGTa, 1 mM DTT and 1 mM PMSF) at 4˚C for 60 min. Following centrifugation at 28,000 x g for 20 min at 4˚C, the pellet was resuspended in lysis buffer B (20 mM HePeS, 25% glycerol, 420 mM nacl, 1.5 mM Mgcl 2 , 0.2 mM edTa, 0.5 mM PMSF, 0.5 mM DTT and 5 µg/ml leupeptin) at 4˚C for 15 min. Finally, after centrifugation at 16,000 x g for 10 min at 4˚C, the nuclear proteins were identified in the supernatant.
Western blot analysis. a549 cells were treated with 0.41 µM Polyphyllin Vii for 0, 12, 24, and 48 h, or were treated with Polyphyllin Vii in the presence or absence of 2 µM wortmannin and 30 µM PDTC for 24 h at 37˚C. Subsequently, the cells were harvested and lysed in riPa lysis buffer (50 mM Tris pH 7.4, 150 mM nacl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SdS, 2 mM edTa and 100 mM sodium fluoride) at 4˚C for 60 min. Lysates were centrifuged at 12,000 x g for 15 min at 4˚C, the supernatant was pipetted and the protein content was determined using a Bio-rad protein assay (Bio-rad laboratories, inc.). equal amounts of total protein (30 µg) were separated by 12% SdS-PaGe and then transferred to an immobilon ® -P transfer membrane (eMd Millipore). The membrane was then incubated with blocking buffer (5% skimmed milk in 0.5% Tween-20) for 2 h at room temperature. Proteins were detected with primary antibodies against Pi3K (1:500), p-Pi3K (1:500), akt (1:500), p-akt (1:500), nF-κB p65 (1:500), p-nF-κB p65 (1:500), iκB (1:500), GaPdH (1:500), lamin B (1:500), caspase-3 (1:500), ParP (1:500) and ICAD (1:500), incubated at 4˚C for 12 h, followed by HrP-conjugated secondary antibody (1:20,000), incubated at room temperature for 2 h. The proteins were visualized using enhanced chemiluminescence reagent (Thermo Fisher Scientific, inc.) with image lab software (version 5.2.1, Bio-rad laboratories, inc.).
Flow cytometric analysis of apoptosis. Human a549 lung cancer cells were cultured in a 25-cm 2 culture bottle (corning inc.) at a density of 4x10 5 cells/bottle for 24 h. Subsequently, the cells were treated with 0.41 µM Polyphyllin Vii for 24 h in the presence or absence of 2 µM wortmannin or 30 µM PDTC at 37˚C. Thereafter, the cells were harvested using trypsin (without edTa), and rinsed with PBS. The cells were then stained with annexin V-FiTc/Pi using a commercial kit, following the manufacturer's protocol. Finally, cells were analyzed using an Accuri C6 FACScan flow cytometer (Becton, dickinson and company) with cFlow Plus software (version 1.0.264.15, accuri cytometers, inc.).
Determination of mitochondrial membrane potential. The mitochondrial membrane potential (Δψm) was examined using the mitochondrial dye rhodamine 123. Following incubation with 0.41 µM Polyphyllin Vii for 24 h in the presence or absence of 2 µM wortmannin or 30 µM PdTc, a549 cells were collected and stained with 1 µg/ml rhodamine 123 at 37˚C for 30 min. Subsequently, the fluorescence intensity was measured by flow cytometric analysis and the results were analyzed by cFlow Plus software (version 1.0.264.15, accuri cytometers, inc.).
Statistical analysis. all the presented data and results were confirmed in at least three independent experiments and are presented as the mean ± standard deviation. Statistical comparisons were made by Student's t-test or one-way analysis of variance followed by Tukey's post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Polyphyllin VII suppresses the viability of human lung cancer A549 cells. a549 cells were cultured with 0, 0.1, 0.2, 0.4, 0.8, 1.6 µM Polyphyllin Vii for 24 h, and the cell viability was analyzed by MTT assay. Polyphyllin Vii decreased the numbers of viable cells in a concentration-dependent manner, with an ic 50 value at 24 h of 0.41±0.10 µM (Fig. 1a) . The morphological changes of a549 cells were examined to evaluate the features of the decreased cell viability. The Polyphyllin Vii-treated group exhibited membrane blebbing and granular apoptotic bodies (Fig. 1B) . Fluorescence microscopy with ao staining also showed granular apoptotic bodies (Fig. 1c) , and Hoechst 33258 staining revealed significant nuclear condensation or nuclear fragmentation ( Fig. 1d) following Polyphyllin Vii treatment. These results indicated that Polyphyllin Vii suppressed human lung cancer a549 cell proliferation and that it may have induced apoptosis.
Polyphyllin VII induces apoptotic death in A549 cells. Subsequently, the mechanism of Polyphyllin Vii-induced cell inhibition was investigated. a549 cells were pretreated with 2 µM wortmannin (a Pi3K inhibitor) or 30 µM PdTc (a nF-κB inhibitor) prior to treatment with Polyphyllin Vii. The concentrations of these inhibitors were determined according to previous studies and were screened (12, 13) . The cell viability of the Polyphyllin Vii-treated group was markedly decreased by co-incubation with wortmannin or PdTc (Fig. 2a) .
it is understood that the integrity of mitochondrial membranes is associated with apoptotic cell death; therefore, the mitochondrial membrane potential (Δψm) was detected by flow cytometric analysis following rhodamine 123 staining. Polyphyllin Vii-treated a549 cells exhibited a decreased fluorescence intensity due a decrease in Δψm. in addition, this effect was enhanced by both wortmannin and PdTc combination treatments (Fig. 2B ; Table i ).
an annexin V-FiTc/Pi staining assay was used to further explore the mechanism underlying the Polyphyllin Vii-induced inhibition of a549 cells. Flow cytometric analysis revealed a significant increase in the percentage of early apoptotic cells (annexin V staining only; lower right panels) and late apoptotic cells (annexin V and Pi staining; upper right panels) in the Polyphyllin Vii-treated group compared with the control group ( Fig. 3 ; Table ii ). The ratio of apoptotic cells in the Polyphyllin Vii-treated group was further increased following incubation with wortmannin or PdTc ( Fig. 3 ; Table ii ). in summary, these results demonstrated that Polyphyllin Vii induced apoptotic death in a549 cells.
Polyphyllin VII induces apoptotic death via the PI3K/Akt and NF-κB pathways in A549 cells. Wortmannin and PdTc demonstrated the same phenotypic effects when incubated
with Polyphyllin Vii in a549 cells, suggesting that the Pi3K/akt and nF-κB pathways may be involved in the role of Polyphyllin Vii. The protein expression levels in Polyphyllin Vii-treated a549 cells were measured by western blot analysis. The results indicated that Polyphyllin Vii treatment induced marked changes in the protein expression of a549 cells. Pi3K, p-Pi3K, akt, p-akt, nF-κB p65 and p-nF-κB p65 were obviously downregulated, while iκB was upregulated, in a time-dependent manner in Polyphyllin Vii-treated a549 cells ( Fig. 4 ). Of note, there were no significant changes in the p-Pi3K/Pi3K, p-akt/akt, p-nF-κB p65/nF-κB p65 ratios between most of the treatment groups ( Fig. 4 ), suggesting that Polyphyllin Vii downregulated the total expression levels of these proteins rather than their phosphorylation. The p-nF-κB p65 levels in the nuclear extract of a549 cells were also downregulated following Polyphyllin Vii-treatment ( Fig. 4) . Furthermore, the effects of Polyphyllin Vii on the expression levels of apoptosis-related proteins in a549 cells were also examined by western blot analysis. Polyphyllin Vii treatment induced significant changes in the expression levels of apoptosis-related proteins, including increased activation of cleaved pro-caspase-3 and ParP, and a downregulation of icad, which causes a release of caspase-activated dnase and triggers dna fragmentation in nuclei (Fig. 5 ). next, the effects of the combination treatments were investigated in the protein expression levels of the a549 cells. cleavage of pro-caspase-3 and ParP in Polyphyllin Vii-treated a549 cells was further increased following cotreatment with wortmannin or PdTc (Fig. 5 ). in addition, the inhibitory effect of Polyphyllin Vii on icad expression was further enhanced by wortmannin and PDTC (Fig. 5 ). Although no significant differences were observed in the ratios of p-Pi3K/Pi3K and p-akt/akt following Polyphyllin Vii treatment, these p-Pi3K/Pi3K and p-akt/akt ratios were significantly suppressed by wortmannin pretreatment; however, no significant effect was observed by PdTc pre-treatment (Fig. 5 ). The p-nF-κB p65/nF-κB p65, ratio was significantly decreased by both PdTc and wortmannin pretreatments (Fig. 5) . Similarly, the levels of nuclear p-nF-κB p65 were significantly decreased by both the PdTc and wortmannin pretreatments, compared with the Polyphyllin Vii treatment alone (Fig. 5 ). in summary, these data indicated that Polyphyllin Vii induced apoptotic death in a549 cells via downregulation of the proteins in the Pi3K/akt and nF-κB pathways.
Discussion
our previous study demonstrated that P. polyphylla steroidal saponins induce apoptotic death in a549 cells (14) . Polyphyllin Vii, a type of steroidal saponin, was initially isolated from P. polyphylla. The present study demonstrated that Polyphyllin Vii induced apoptosis in a549 human lung cancer cells via the Pi3K/akt and nF-κB pathways.
in total, >50% of anticancer drugs are designed based on natural products. numerous natural products have been reported to exert anticancer effects by inducing apoptosis of cancer cells (15) . For example, Polyphyllin Vii, a natural product from P. polyphylla, has been reported to exhibit anticancer effects (16) . The present study identified that Polyphyllin Vii was able to induce apoptotic death in a549 human lung cancer cells via downregulation of Pi3K and akt and inhibition of nF-κB. a previous study reported that Polyphyllin Vii induced autophagic cell death by activation of the JnK pathway and inhibition of the Pi3K/akt/mTor pathway in human liver cancer HepG2 cells (16) . additionally, it has been suggested that Polyphyllin Vii exerts anticancer effects by inducing cell cycle arrest and apoptosis in a549 cells; however, the underlying mechanism remains to be elucidated (17) . Polyphyllin Vii also induces apoptosis and autophagy via activation of erK, akt, p38 and JnK in oral cancer cells, which demonstrates that the biological effect of Polyphyllin Vii is associated with akt activation (18, 19) . The present study revealed that the Polyphyllin Vii-induced apoptotic cell death of a549 cells was associated with a downregulation of the Pi3K/akt pathway.
The Pi3K/akt signaling pathway is closely associated with programmed cell death, cell proliferation, migration and differentiation, and serves central roles in tumorigenesis and cell survival (20) . The overexpression of Pi3K and akt in numerous types of human cancer is significantly associated with poor overall survival. akt inhibits cell apoptosis and activates effector molecules, including nF-κB. Furthermore, Pi3K/akt signaling affects the expression of Bcl-2 protein, which is associated with the mitochondrial membrane potential and the mitochondrial apoptotic pathway (21, 22) . in the present study, it was identified that in A549 cells, Polyphyllin VII reduced the expression levels of Pi3K and akt, causing a decrease in the mitochondrial membrane potential, and inducing apoptotic death.
Polyphyllin VII also exerts anti-inflammatory activities in vitro and in vivo, via a downregulation of the MaPK and nF-κB pathways (23) , which indicates that the effects of Polyphyllin Vii may be associated with the nF-κB pathway. The nF-κB transcription factor family is extensively involved in numerous biological processes, including inflammation, immunity, cellular proliferation and the suppression of apoptosis (24, 25) . Phosphorylation of the nF-κB p65 subunit promotes transcriptional activity of nF-κB, followed by a regulation of the release of pro-inflammatory cytokines (26) . nF-κB p65 regulates Bcl-2 and Bcl-xl, which localize to the outer membrane of mitochondria, suppressing the expression of Bax and Bak. Bax and Bak facilitate a decrease of the mitochondrial membrane potential and the release of cytochrome c, which triggers apoptotic cell death (22, 27) .
The current study identified that Polyphyllin VII-treatment inhibited the expression of proteins associated with Pi3K/akt signaling, which resulted in the suppression of nF-κB p65. Wortmannin, a Pi3K inhibitor, combined with Polyphyllin VII, significantly enhanced the suppression of NF-κB p65 and increased the apoptosis of a549 cells. Similarly, PdTc, a nF-κB inhibitor, enhanced the suppression of nF-κB p65 and increased apoptosis; however, PdTc exhibited no prominent effects on Pi3K/akt signaling in Polyphyllin Vii-treated a549 cells. These results demonstrated that Polyphyllin Vii may be effective against lung cancer a549 cells. of note, when the nci-H460 and SK-MeS-1 lung cancer cell lines were used in the present study, different mechanisms were obvious for the Polyphyllin Vii treatment in the different cell lines (data not shown); therefore, the exact mechanism of Polyphyllin Vii in lung cancer remains under research and will be further explored in future studies. Polyphyllin Vii also exhibits its effects in combination with other drugs in research on cell lines. Polyphyllin Vii has been reported to increase sensitization to gefitinib in gefitinib-resistant NSCLC cells via G1 phase arrest and modulation of the p21 signaling pathway (28) . in addition, formosanin c and Polyphyllin Vii have demonstrated a synergistic antitumor effect on lung cancer cells (29) . These findings may provide a potential strategy to overcome drug resistance in nSclc by using a combination of drugs with Polyphyllin Vii.
in summary, it can be concluded that treatment with Polyphyllin Vii was effective against lung cancer a549 cells via Pi3K/akt-mediated suppression of nF-κB p65 activity, which resulted in mitochondrial dysfunction and apoptosis. in the future, with further understanding of its mechanism, Polyphyllin Vii might serve as a potential candidate for the treatment of nSclc, either alone or in combination with other compounds.
